We describe a novel approach that harnesses the ubiquity of copy number deletion polymorphisms in human genomes to definitively detect and quantify chimeric DNA in clinical samples. Unlike other molecular approaches to chimerism analysis, the copy number deletion (CND) method targets genomic loci (Ͼ50 base pairs in length) that are wholly absent from wild-type (i.e., self) background DNA sequences in a sex-independent manner.
Genomic chimerism describes the coexistence of DNA or cells originating from more than one individual. The most frequently encountered examples are donorrecipient mixtures in individuals who have received an allogeneic organ transplant and fetal-maternal mixtures in the blood of pregnant women. Plasma DNA chimerism, which refers to the situation in which mixtures of "self" and "nonself" circulating cell-free DNA (ccfDNA) 9 are present in an individual's blood plasma, has recently acquired major clinical significance and application in noninvasive detection of fetal chromosome aneuploidy in pregnancy. In a research context, plasma DNA chimerism analysis promises new avenues for monitoring the immunological rejection of organ transplants.
Quantitative assessment of the concentration of nonself plasma ccfDNA relies on distinct genetic differences between recipient and donor or mother and fetus. Copy number variants (CNVs) have not hitherto been used for this purpose. CNVs are losses or gains of segments of the genome, ranging from a few hundred base pairs to several megabases, which vary in copy number between individuals in a population (1 ) . Genome analyses using massively parallel sequencing (MPS) and microarray technologies have revealed that 10%-15% of the genome is subject to copy number variation (2 ) . The ubiquity, size, and allelic distribu-tion of CNVs make them attractive putative genetic markers.
We describe a novel use of ubiquitous CNVs, specifically copy number deletion (CND) polymorphisms, for highly accurate quantification of plasma DNA chimerism. The approach relies on the presence of a biallelic genomic deletion (i.e., "'null" or "0-copy" genotype) in the "self" DNA with the presence of at least one wild-type, nondeleted allele (i.e., 1-or 2-copy genotype) at the corresponding DNA locus in the "nonself" DNA. Our goal was to obtain performance superior to previous approaches using other polymorphic markers (3) (4) (5) , because targeting of relatively large DNA sequences (i.e., Ͼ50 bp) that are absent in the self should provide a very analytically sensitive, background-free measurement of nonself DNA.
Materials and Methods

PATIENT RECRUITMENT AND BIOPSY ASSESSMENT
Renal transplant recipients were recruited through the Nephrology Department, Austin Health, Melbourne, Australia. All participants gave written informed consent to the protocol approved by the Austin Health Human Research Ethics Committee.
SAMPLE COLLECTION AND PROCESSING
Peripheral blood samples from renal transplant recipients and pregnant women were collected in EDTA and cell-free DNA BCT® tubes (Streck), respectively. Samples from renal transplant patients and pregnant women were processed within 4 and 48 h of venipuncture, respectively. In brief, blood was transferred into 15-mL falcon tubes and centrifuged at 1600g for 10 min at 4°C to separate the blood cells and plasma. Plasma was then transferred into 1.5-mL microcentrifuge tubes and centrifuged at 16 000g for 10 min at 4°C to remove residual cells. Finally, plasma was transferred into new microcentrifuge tubes and stored at Ϫ80°C until further processing. The blood cell fraction was stored at Ϫ20°C.
PLASMA ccfDNA ISOLATION
DNA was isolated from plasma using the QIAamp circulating nucleic acid kit (Qiagen, Melbourne, Australia) according to the manufacturer's guidelines, with slight modifications in reagent volumes as described below. Briefly, 1-mL aliquots of plasma were lysed with 100 L of proteinase K and 0.8 mL of ACL buffer containing 5.6 g of carrier RNA. This solution was mixed thoroughly by vortex mixing and incubated at 60°C for 30 min. The tubes were centrifuged at 376g for 30 s and 1.8 mL of buffer ACB was added and mixed thoroughly by vortex mixing. This was followed by incubation of the lysate-buffer ACB mixture on ice for 5 min.
The QIAvac 24 Plus system (Qiagen) was used for processing of Qiagen mini spin columns. The column was washed with buffer ACW1 (600 L), buffer ACW2 (750 L), and 750 L of ethanol (100%), which were added and drawn through the column by the vacuum pump. The column was removed from the QIAvac 24 Plus system and placed in a clean tube and centrifuged at 16 000g for 3 min. Flowthrough was discarded and the column was placed in a new collection tube and incubated in a heat block at 56°C for 10 min to dry the membrane. The column was placed in a new collection tube and 50 -100 L of RNase-free dH 2 O was added to the center of the membrane and incubated at room temperature for 5 min. The column was centrifuged at 16 000g for 1 min and the eluted volume was reapplied to the column and incubated at room temperature for a further 5 min. Finally, the column was centrifuged at 16 000g for 1 min to elute the DNA.
DNA ISOLATION FROM BLOOD CELL FRACTION
Genomic DNA was isolated from leukocytes using the Nucleobond blood extraction kit (Macherey-Nagel) according to the manufacturer's instructions. DNA was quantified with the NanoDrop ND-1000 UV Vis spectrophotometer.
CND QUANTITATIVE PCR ASSAY DEVELOPMENT
Quantitative PCR (qPCR) assays with TaqMan probes were developed for the panel of 10 CND markers. Each qPCR assay used CND-specific internal PCR primers and a target-specific TaqMan probe (see Table 1 in the Data Supplement that accompanies the online version of this article at http://www.clinchem.org/content/ vol60/issue8).
qPCRs were performed in duplicate in a reaction volume of 10 L (as detailed in online Supplemental Table 2 ) and the reactions were performed on the ViiA 7 real-time PCR system (Applied Biosystems). ViiA 7 software version 1.2 (Applied Biosystems) was used for the data analysis. For all reactions, the input volume of DNA was 2.5 L. As an example, for the 1000-genomic equivalent (GE) standard curve point, the DNA input volume was 2.5 L, so the concentration of input DNA was 400 GE/L. The final concentration of DNA in the reaction volume was 100 GE/L (1000 GE total). The Cq (quantitative cycle) was based on the intersection between the amplification curve and an empirically adjusted threshold. The concentration of ccfDNA in GE per milliliter of plasma (GE/mL) was calculated using the formula described by Lo et al. (6 ) . PCR efficiencies were standardized across all 10 CND qPCR assays. The standard curve characteristics for all assays are provided in online Supplemental Table 3 .
We assessed the sensitivity of the qPCR assays in 2 ways. First, a 1-copy DNA control sample was used to spike a 0-copy DNA sample of known quantities. Second, we performed serial dilutions spanning 0 -16 000 GE, with quadruple replicates. Precision and accuracy was determined by using a mixed effects model for the increase in levels over increasing concentrations.
CALCULATION OF FETAL FRACTION (%)
Massively parallel sequencing. Duplicate samples from 12 pregnant women previously used for noninvasive prenatal testing (NIPT) by MPS were provided by Natera using the procedure described by Zimmermann et al. (7 ) . In all cases the genomic analysis report provided the fetal fraction (%) of the total ccfDNA present in the sample and showed the fetus to be male. This measure of fetal fraction was used as the primary comparator for the fetal fraction assays described below, which used ccfDNA extracted from the remaining duplicate samples. 10 and hemoglobin, beta (HBB) quantitative PCR assay. qPCR analysis was performed using primers and probes for the SRY gene located on chromosome Y and the HBB, both as previously described (6 ) . The fetal ccfDNA fraction (%) was calculated from the ratio of SRY to HBB DNA concentrations.
Sex determining region Y (SRY)
CND and HBB quantitative PCR. qPCR analysis as described above was performed using informative CND markers. Seven samples had at least 2 informative CNDs and 5 had 1 informative CND. Total ccfDNA was again measured using the HBB quantitative PCR assay and the fetal fraction (%) was calculated from the ratio of the individual CND (5 samples) or mean of multiple CND measurements (7 samples) as described above.
STATISTICAL ANALYSIS
All statistical analyses were performed using the R statistical programming language (http://www.r-project. org/). Deming regression analysis was carried out using the R package Method Comparison Regression(mcr) from http://cran.r-project.org/web/packages/mcr.
Results
IN SILICO SELECTION OF CND MARKERS
CNDs with null deletion (i.e., 0-copy) frequencies between 0.3 and 0.7 were identified by in silico analysis of 2 high-resolution data sets. Data set 1 included: genotype data for 5238 CNV loci generated by testing 450
HapMap samples at 500-bp resolution (2 ) . Data set 2 included genotype data for 1319 CNV loci generated by testing 270 HapMap samples at 2-kb resolution (8 ) . Analyses used Centre d'Etude du Polymorphisme Humain (CEPH) data only.
Since the CEPH HapMap data included trio data on proband and parents, calculation of 0-, 1-, and 2-copy genotype frequencies was performed using only parental data to minimize overestimation. No further correction, such as for autozygosity (9, 10 ) , was done. In silico selection used the following criteria: each CNV constitutes a single locus in the human genome that spanned Ͻ3 kilobases, with copy number genotypes of 0, 1, or 2. CNVs showing copy number genotypes Ͼ2 and CNVs on the X and Y chromosomes were excluded to avoid sex bias. This resulted in 54 candidates; all of these CNV regions are polymorphic and none have any known intrinsic clinical significance.
THE CND PANEL
Of the 54 CNDs identified above, the 10 predicted to have the most informative 0-copy genotype frequency ranking were selected as an initial panel for in vitro assessments (Table 1) (also see online Supplemental Table 4 ). The null genotype frequencies ranged between 0.410 and 0.508, the mean value being 0.452 with an SD of 0.038. Based on these null genotype frequencies, it was calculated and later confirmed by observation that 99% of individuals are likely to be null for at least 1 CND in the panel (see online Supplemental Fig. 1 ).
IN VITRO ESTIMATION OF CND FREQUENCIES
The estimated population frequencies for the 10 CNDs obtained from the in silico selection were compared with those in an unselected sample of 93 healthy individuals. The local population from which this sample was taken was ethnically very diverse and we assumed that our random sampling reflects this. Despite a paucity of information for these CNDs in different ethnic populations, the potential of these CND markers for chimerism testing in diverse populations was highlighted by the in silico and in vitro frequencies being very similar (see online Supplemental Table) .
SAMPLE GENOTYPING
Genotypes for all CND markers were determined on DNA extracted from leukocytes using a simple PCRbased assay. PCR primers were designed to locate within (i.e., internal PCR) and flank the deleted region (i.e., external PCR) of each CND marker in the panel. Short amplicons, ranging in size from 58 to 74 bp (mean 65 bp) were chosen for the internal PCRs so that they would be suitable for quantification of plasma ccfDNA, which is highly fragmented (11 ).
Samples with a null genotype give no internal PCR product. Verification of the null genotypes was made using the external PCR assays, which gave unique PCR products. The identities of the internal and external PCR amplicons were confirmed using Sanger sequencing. All internal PCR amplicon sequences of nondeleted alleles mapped to the expected regions within the CND loci and external PCR amplicons of deleted alleles mapped to the flanking regions of the CND loci. The combination of internal/external PCR results distinguishes the null, 1-copy, and 2-copy genotypes (see examples in online Supplemental Fig. 2 ).
INFORMATIVE CAPACITY OF THE CND MARKER PANEL
The distributions of null CND frequencies observed in 3 independent population cohorts are almost superimposable and indicate that, on average, the 10-panel genotype for any individual contains 4 -5 null CNDs (see online Supplemental Fig. 1 ). An informative test result occurs when the transplant recipient or pregnant woman is null for at least 1 of the CNDs in the panel and the corresponding qPCR assay shows a detectable level of ccfDNA in plasma, which infers that the donor sample was 1 or 2 copy. In the situation in which the nonself and self DNA are from unrelated individuals, the expected proportion of test results with at least 3 informative markers is 46% (Fig. 1) . This increases to 90% and 99% with the use of expanded panels of 20 and 30 CNDs, respectively. With 30 markers (see online Supplemental Table 5 ) we expected at least 3 informative markers 99% of the time. Samples involving admixtures of sibling-sibling and parent-offspring DNA had Ͻ6% chance of having no informative markers with the use of a panel of 30 CNDs (see online Supplemental Fig. 3 ).
PLASMA ccfDNA GENOTYPING
The PCR assays described above for genotyping cellular genomic DNA from blood samples were used with plasma ccfDNA samples under the same conditions (see online Supplemental Fig. 4A ).
DETECTION OF NONSELF ccfDNA IN PLASMA
A blood sample was collected from a 62-year-old male patient who had received an allogeneic kidney transplant from an unrelated female donor 13 months previously. Internal PCRs for all panel CNDs were performed on cellular DNA to identify null genotypes, and qPCR assays for these CNDs were performed on plasma ccfDNA. The patient was null for CND_02, CND_03, and CND_08; nonself, transplant-derived DNA was detected qualitatively for CND_03 and CND_08 (see online Supplemental Fig. 4B ). Quantification of nonself DNA using CND03 and CND08 qPCR assays gave measurements of nonself ccfDNA of 450 GE/mL and 469 GE‫گ‬mL, respectively.
PERFORMANCE OF CND qPCR ASSAYS FOR CHIMERISM ANALYSIS
The quantitative assays for each CND were validated by serial dilution (with quadruple replicates) and spike-in mixture experiments using well-characterized genomic DNA samples. To assess the limit of detection, a previ- ously determined 1-copy genomic DNA sample was spiked into a 0-copy genomic DNA sample, thus simulating chimerism. Multiple combinations of spiked control mixtures were prepared to assess all 10 CND qPCR assays. These experiments showed each of the assays to be highly specific and sensitive; the lower limit of detection is 4 GE and was defined by the mean of the replicate data (Fig. 2, bold line) for the no-DNA sample (i.e., 0 GE) plus 3 SD. The assay measurements were linear (slope ϭ 1) from this level up to at least 16 000 GE (Fig. 2) . The spike-in mix experiments showed that across the range of 4 -600 GE, accuracy was very high (estimated slope was 0.99, close to the expected value of 1) as was the imprecision (SE of the slope estimate 0.01). Ninety-five percent of marker slope estimates ranged between 0.96 and 1.01 (Fig. 2) . The slope estimates for individual CND assays (grey lines) varied slightly, with an SD of 0.03, indicating only very minor differences in assay performance. This is relevant in clinical applications because each individual informative CND should provide an independent measurement of plasma DNA chimerism.
The analytical specificity of the assays was further assessed by quantitative measurement of amplification in 0-copy genomic DNA samples containing no copies of each respective CND target per diploid cell (see online Supplemental Table 3 and Supplemental Fig. 5 ). The 0-copy DNA amplification plots were consistent for all CND assays, except for CND10, which showed detectable signal overlapping the standard curve at 1 GE. These data indicated very low-level amplification of nontarget DNA in a 0-copy background at 1000 GE input per reaction and are consistent with a lower limit of quantification of 16 GE for these CND qPCR assays.
The CND qPCR assays exhibited reliability (i.e., reproducibility) upon repeat testing of the 4-fold serial dilution standards over time (8 separate qPCR experimental runs); the CVs ranged from 1.7% to 3.8% (total SDs) for measurements across 4 -16 000 GE.
PROOF OF PRINCIPLE: MEASUREMENT OF ccfDNA IN ORGAN TRANSPLANTATION AND NIPT
The technical performance characteristics of our approach indicated that the underlying premise of exploiting CNDs to quantify DNA chimerism was sound. As proof of principle, we measured the minor chimeric DNA component in 2 potential clinical applications: allogeneic organ transplantation and NIPT.
We measured transplant-derived ccfDNA levels in serial blood samples collected shortly after and during the weeks following transplantation from 2 patients who had received an allogeneic kidney transplant (cases 1 and 2) (Fig. 3) . Both patients showed measurements that increased substantially above 70 GE/mL within the first 2 weeks posttransplantation, which we ascribed to the trauma that the organs had undergone during the transplantation procedure. However, the concentrations stabilized below 70 GE/mL within 3 weeks and remained so for all subsequent time points.
Prior knowledge of the fetal ccfDNA fraction in maternal plasma samples may also have clinical utility. Therefore, we also measured the fetal DNA fraction in 12 maternal plasma samples, for which the singleton fetus was known to be male, using the CND method, and compared results with those derived from an SRY qPCR and also from single-nucleotide polymorphism (SNP)-based whole-genome sequencing data (Table 2 and Fig. 4 ). Better agreement was observed for the fetal fraction values calculated by CND-qPCR and SNPbased MPS methods. Indeed, SRY qPCR-based estimates of the fetal fraction were consistently lower than those obtained by both other methods.
Discussion
There is considerable interest in ccfDNA because of its potential use in noninvasive, rapid diagnosis and monitoring of many acute and chronic disorders. We describe here a novel application of CNVs, specifically CNDs, for measurement of the very low levels of fragmented DNA that are typically found in plasma. These deletion variants are present in all individuals and their use in this context offers significant advantages over existing allele-specific, hybridization-based techniques that target SNPs or short indels (3, 4, 12, 13 ) . Most importantly, since nonself DNA measurement using CNDs is made against a zero background, allele discrimination and, consequently, analytical sensitivity should be maximized. The fragmented nature of plasma ccfDNA (11 ) presents additional challenges for PCR-based assessment of chimerism. To address this, we restricted amplicon sizes to fewer than 80 bp and showed that the assay can be used with fragmented ccfDNA. Because each individual has hundreds of CNDs in their genome and genotype differences between individuals are very numerous, large numbers of potential targets are available for assay design (see online Supplemental Table 5 ). The panel of 10 unique CNDs used here, which provides a mean of 2-3 informative markers in unrelated donor-recipient pairs, was sufficient for proof of principle demonstration of how this novel method can be used. In practice, there would be a need for additional CND markers, and we have shown that incorporating a further 20 CNDs would provide at least 1 informative discriminating marker in a chimeric mixture of DNA from almost any 2 individuals ( Fig. 1 ; also see online Supplemental Fig. 3) .
The availability of multiple informative markers allows for identification and statistical handling of out- a Sample 8 gave 2 informative CND measurements that differed by 1.8-fold; the lower value (82 GE/mL) is listed here. The higher measurement (152 GE/mL) likely represented an outlier arising from the fetus being a wild-type homozygote (2 copies) for the given CND, although this confirmed. b The difference between the CND-based and SRY-based estimates of fetal fraction to that obtained by SNP-based MPS sequencing is given for each sample. c SNP-based MPS calculation [using the procedure described by Zimmermann et al. (7 )] of fetal fraction as obtained on a duplicate blood sample.
lier measurements resulting from a DNA sample having a rare duplication or triplication of a CND locus or inflated measurements when the nonself DNA (transplant or fetus) is homozygous wild type (i.e., 2 copy instead of 1 copy) at a given CND locus (e.g., suspected in sample 8, Table 2 ).
Using qPCR, we showed the measurement of nonself DNA to have high specificity, low imprecision, and high reliability for linear quantification of DNA chimerism down to 16 GE. Our assessment of misamplification of CND targets in 0-copy DNA samples demonstrated the high specificity of this approach (see online Supplemental Fig. 5 and Supplemental Table 3 ). Further improvements in imprecision and sensitivity would be expected through use of digital PCR or other absolute molecular counting approaches.
We developed this approach to measure nonself, cell-free plasma DNA originating from a transplanted allogeneic kidney. We envisage other applications in NIPT (14 -16 ) . In particular, we have compared the estimation of fetal ccfDNA fractions using the CND approach with values derived from MPS and from qPCR of SRY. Our comparison shows superior linear (Deming) relationships between the CND-based and SNP-based MPS estimates of fetal fraction than that obtained using SRY qPCR (Fig. 4) . There is currently no established gold standard for measuring fetal fraction in maternal plasma samples. Our data suggests that using SRY qPCR gives an underestimate of fetal fraction relative to either the CND-based or SNP-based MPS methods (Table 2 and Fig. 4) , a finding consistent with other reports (17, 18 ) . Evaluation of the fetal ccfDNA fraction in maternal plasma has emerged as a critical factor for clinical assessment of NIPT data (19 -23 ) . The simplicity, expandability, and low cost of the CND method make it an attractive alternative to existing approaches for measurement of the fetal ccfDNA fraction in maternal plasma.
For the CND method to be widely adopted, further work is needed to establish the stability of CNDs across generations and within individuals and to accurately define their allelic distributions and frequencies for application in different ethnic groups. Although our assessment used qPCR methodology, the concept of targeting CND polymorphisms for chimerism analysis is translatable to other platforms, such as digital PCR and next generation sequencing.
